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We calculate the cross section for e+e~ — > H^e~v in the two-Higgs-doublet model from one- 
loop diagrams involving top and bottom quarks. This process offers the possibility of producing 
the charged Higgs boson at the e"'"e~ collider when its mass is more than half the center-of-mass 
energy, so that charged Higgs pair production is kinematically forbidden. The cross section receives 
contributions from both s-channel and t-channel processes; the s-channel contribution dominates 
for center-of-mass energies of 1 TeV and below. About 80% of the s-channel contribution comes 
from the resonant process e'^e~ — > H'^W~ , with W~ — > e~u. The cross section is generally small, 
below 0.01 fb for tan/3 > 2, and falls with increasing tan/3. 

PACS numbers; 12.60.Jv, 12.60.Fr, 14.80.Cp, 14.80.Ly 



I. INTRODUCTION 

The Higgs mechanism provides an elegant way to ex- 
plain electroweak symmetry breaking and the origin of 
the masses of the Standard Model fermions. In the Stan- 
dard Model with a single Higgs doublet, however, the 
mass of the Higgs boson (and, therefore, the energy scale 
of electroweak symmetry breaking) is quadratically sen- 
sitive to physics at high energy scales via radiative cor- 
rections. This sensitivity leads to a fine-tuning problem 
between the electroweak scale and the cutoff (grand uni- 
fication or Planck) scale. 

Models that address the fine-tuning problem often en- 
large the Higgs sector. For example, the Higgs sectors of 
the Minimal Supersymmetric Standard Model (MSSM) 
, topcolor-assisted technicolor 2] , and some of the "lit- 
tle Higgs" models contain two Higgs doublets with 
electroweak-scale masses. This enlargement of the Higgs 
sector leads to the presence of a charged Higgs boson in 
the physical spectrum, in addition to extra neutral states. 
Observation of these extra Higgs bosons and the measure- 
ment of their properties is a central goal in searches for 
physics beyond the Standard Model. In this paper we 
focus on the charged Higgs boson, H"^. 

Unlike the CP-even Higgs sector, in which at least one 
of the CP-even Higgs bosons is guaranteed to be de- 
tected at future colliders 0, IE IE discovery of the 
heavy charged Higgs boson poses a special experimen- 
tal challenge. Studies of charged Higgs boson production 
at present and future colliders are generally done in the 
context of the MSSM, or more generically, in a general 
two Higgs doublet model (2HDM). Searches for H+ R- 
pair production at the CERN LEP-2 collider only set a 
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lower bound on the charged Higgs mass of m}j± > 78.6 
GeV 3. At Run II of the Fermilab Tevatron, now in 
progress, the charged Higgs boson could be discovered in 
top quark decays if mjj± < mt and if tan f3 (the ratio of 
vacuum expectation values of the two Higgs doublets) is 
large 0- No sensitivity is expected in direct production 
unless QCD and supersymmetry (SUSY) effects conspire 
to enhance the cross section [l(]|. 

The difficulty of discovering a heavy charged Higgs 
boson comes from the fact that there are no tree level 
W^ZH^ and W^jH^ couplings. This forbids potential 
tree-level discovery processes like W^* Z, H^j 

and Z* H^W^ at the Tevatron, weak boson fusion 
W^*Z* at the CERN Large Hadron CoUidcr 

(LHC), and e+e" Z* ^ H^W^ , e+e" H+erD 
at a future linear e+e^ collider (LC). In addition, the 
charged Higgs can not be produced via the s-channel 
gluon fusion process at the LHC. 

Charged Higgs bosons can of course be pair produced 
at tree level. At hadron colliders, however, the coupling is 
electroweak in strength which leads to a small production 
cross section so that the signal has a hard time competing 
with the huge QCD background. At the LC, the charged 
Higgs boson can be pair produced via e+e^ H^H^. 
This process requires m//± < \/s/2, where ^/s is the LC 
center-of-mass energy. This process is thus only useful for 
a relatively light charged Higgs boson; for an experimen- 
tal study, see Ref. [ll|. For mjj± > the charged 
Higgs boson must be produced singly. 

Let us consider the production of a single charged 
Higgs boson at tree level (without any other heavy Higgs 
bosons in the final state). The only relevant process is a 
charged Higgs boson produced together with third gen- 
eration quarks or leptons. At the LHC, gb H~t with 
T^V IS only good for large tan/3, where the bot- 
tom and tau Yukawa couplings are enhanced. This dis- 
covery channel will cover tan/3 > 10 for mu± — 250 GeV 
(tan/3 > 17 for m^i = 500 GeV) Within the con- 
text of the MSSM, the absence of a neutral Higgs boson 
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discovery at LEP-2 excludes the range 0.5 < tan/? < 2.4 
at 95% confidence level ^ general 2HDM, how- 

ever, these low values of tan/3 are not yet excluded.) 
This leaves a wedge-shaped region of parameter space at 
moderate tan (3 in which the charged Higgs boson would 
not be discovered at the LHC. At the LC, the processes 
e+e" H^tb, H~^t~D have been considered in the liter- 
ature 01 . At a 500 GeV LC with integrated luminosity 
of 500 fb~^, both H^T~v and H^tb production yield 
> 10 events at large tan /? ~ 40 for m^± < 270 GeV, 
with H~^T~D production having a slightly larger cross 
section 0|. At a 1000 GeV LC with integrated luminos- 
ity of 1000 fb~^, tbH^ production is more promising, due 
to the larger phase space available; it yields > 10 events 
at large tan/3 ~ 40 for mff± < 550 GeV, while t~DH~^ 
production gives a reach of only m^± < 520 GeV IT^ . 
At low tan (3 = 1.5, the reach in the H'^tb channel is the 
same as at tan/3 = 40. 

The charged Higgs boson can also be produced to- 
gether with light SM particles via loop induced processes, 
e.g., e+e" — > H^W^ and e+e" H^e~v. The first 
process, e+e^ — > H^W~ , was computed in the gen- 
eral 2HDM in Refs. [H iH 113. The additional one- 
loop diagrams involving SUSY particles were computed 
in Refs. 18, 19], and the behavior of the cross section as 
a function of the SUSY parameter space was explored in 
Ref. 1131. This process could extend the reach in mH± 
at low tan (3 beyond the pair production threshold. At a 
500 GeV LC with integrated luminosity of 500 fb~^, more 
than ten events can be produced in this channel for m/f ± 
up to 330 GeV and tan^ up to 4.7 in the 2HDM, while 
using an 80% Icft-polarized electron beam or including 
contributions from light superpartners can increase the 
cross section further. 

In this paper, we expand upon these earlier results 
by computing the cross section for the process e~'"e~ — > 
H+e^D in the Type II 2IIDM. In addition to the s- 
channel process e"'"e~ H^W~ in which the de- 
cays to e~D^ this process also receives contributions from 
i-channel gauge boson exchange. The t-channel diagrams 
are potentially much more significant than s-channel di- 
agrams at high collider center-of-mass energies. Finally, 
our approach also takes into account non-resonant con- 
tributions in the s-channel process. 

In our calculation we include only the one-loop dia- 
grams involving top and bottom quarks. We neglect dia- 
grams involving gauge and/or Higgs bosons in the loop. 
It was shown in Ref. for the e+e^ — + H^W^ pro- 
cess that the diagrams involving gauge and Higgs bosons 
are negligible unless the Higgs boson self-couplings are 
large. In the MSSM, the Higgs boson self-couplings are 
related to gauge couplings and are relatively small, so 
that the gauge and Higgs boson loops are not impor- 
tant. In a general 2HDM with large but perturbative 
Higgs boson self-couphngs, the gauge and Higgs boson 
loop contributions to the e+e^ H^W^ cross section 
can be an order of magnitude larger than the top and bot- 
tom quark loops, but only for moderate to large values 



of tan/3 where the cross section is already quite small 
[Tfil |. In the MSSM, the process e+e" H+e~P wih 
also get contributions from loops involving SUSY parti- 
cles. Their calculation is beyond the scope of our current 
work^. However, we can estimate their impact based on 
the results of Refs. [T81I2(tI|: as we will show, for ^/s < 1 
TeV, the e~^e~ — > H'^e~i> cross section is dominated by 
the s-channel contribution, which is in turn dominated by 
the resonant e+e~ — > H^W~ , W~ — > e~i? contribution. 
This cross section can be enhanced by up to 50-100% at 
low tan /3 by loops involving light superpartners 0, |23| . 

This paper is organized as follows. In Sec^we lay out 
the formalism for the calculation and define form-factors 
for the one-loop W^H~ Z and W~^H~j couplings. We 
also discuss the renormalization procedure and define the 
counterterms. In Sec. IIIII we present our numerical re- 
sults. In Sec. IIVI we discuss the extension of our results 
to the Type I 2HDM, larger extended Higgs sectors, and 
the MSSM. Sec. is reserved for our conclusions. We 
summarize our notation and conventions in Appendix IXI 
and give the full expressions for the matrix elements and 
their squares in Appendix ^ A derivation of the sum 
of the contributions from H^W^ and H^G^ mixing is 
given in Appendix lO 



II. CALCULATION 

Top and bottom quark loops contribute to the pro- 
cess e^e^ H'^e~v by inducing an effective W~^VH~ 
coupling (with V — ^, Z) and by generating mixing be- 
tween i?"*" and the W'^ and bosons, which must be 
renormalized. We work in the 't Hooft-Feynman gauge, 
in which G"*" is the Goldstone boson that corresponds to 
the longitudinal component of . 



A. Form-factors 

We define the effective W+^'(ki)V''{k2)H~ coupling 
as follows (with all particles and momenta incoming as 
shown in Fig. 

iM''" = I [Gvg^" + Hvklkl^ + Fyze^''"'3fci«fc2/3] . (1) 

Here ki is the incoming momentum of the , k2 is 
the incoming momentum of ^ = ^,Z, and e'^^^'^ = 1. 
Assuming CP conservation, the effective coupling for the 
Hermitian conjugate vertex W~'^{ki)V'^ {k2)H^ is given 
by Eq. with Fy —Fy- The diagrams involving 
top and bottom quarks are shown in Fig. ^ Explicit 
expressions for the form factors Gy , Hy and Fy are given 
in Appendix IbI 



Preliminary results on the cross section of e"*"e — > H^e v in 
the framework of MSSM were shown in |21| . 
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FIG. 1: Top and bottom quark contributions to the one-loop 
W+^VH- vertex, where V = j,Z. 




FIG. 2: One-particle-irreducible contributions to e"^e —> 
H'^e~v due to the fermion triangle diagram shown in Fig. 

The effective W^VH~ coupling gives both i-channel 
and s-channel contributions to the matrix element for 
e'^e" — !■ H^e~i>, as shown in Fig. [3 The corresponding 
matrix elements can be written as 

vie+h^PLv{Pf)u{eJhAgtPPL + g^v^'PRMe^) 

[kf-ml,][kf-ml] ^ 
iMl,^ - le'gw [Gvg^" + Hyk^k'/ + Fyie^'"'^ kt^k'^^] 
uieJh^PM^fMethAgyPL + g^y"" PrXcJ ) 

[kf - + imwTw] [fcf - ml] ' ^ ' 

where we use the notation = p^- , etc. The momenta 
are given by: 

kl = -eJ-Df, k'^=e-+e+. (4) 

Pr,l = (1 i 7^)/2 are the right- and left-handed projec- 
tion operators. The gauge couplings gw and g^^'^ are 
given in Appendix ^ The additional contribution from 
the counterterm for the W^VH~ vertex is given in the 
next subsection. 

B. Renormalization 

We now compute the H^W^ and H^G^ mixing ef- 
fects and renormalize the theory. A set of diagrams 
contributes to e^e~ H~^e~p in which a W boson or 
charged Goldstone boson is radiated and turns into 




FIG. 3: The f-channel mixing self-energy and counterterm 
contributions to e"'"e~ — > H^e~v. The shaded blob denotes 
the renormalized mixing self-energy and the X denotes the 
W+f^V^H' counterterm. 




FIG. 4: As in Fig.j^but for the s-channel contributions. 



an iJ"*" through renormalized mixing diagrams. These are 
shown in Figs. 13 and ^ for the t- and s-channel processes, 
respectively, along with the W~^H~V coupling countert- 
erm (denoted by an X) which renormalizes the W^H~'V 
vertex. We neglect all diagrams that are proportional 
to the electron or neutrino mass. 

The top and bottom quark loops that give rise to the 
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FIG. 5: Top and bottom quark contributions to the W^H^ 
and mixing (left) and the corresponding counterterms 

(right). 



W^H^ and G^H^ mixing are shown in Fig. El along 
with their counterterms. The W^H'^ mixing diagram 
is denoted by —ik'^Ti^r+H+(k'^), where k is the incoming 
momentum of the boson and is outgoing. The 
Hermitian conjugate diagram, with outgoing, has the 
opposite sign. The mixing diagram is denoted by 

+illQ+fj+ (fc^), where k is the incoming momentum of the 
G"*" and is outgoing. The Hermitian conjugate dia- 
gram, with outgoing, is the same. The renormalized 
mixing two-point functions are denoted with a hat. 

Because the process e^e~ — > H^e~v is zero at tree 
level, the renormalization procedure is quite simple. In 
our discussion below, we follow the same on-shell renor- 
malization scheme used in Ref. |15(. In fact, we need im- 
pose only the following two renormalization conditions. 
First, the renormalized tadpoles are set to zero. Second, 
the real part of the renormalized mixing is set to 

zero when is on mass shell: 



Rei;vy+^f+(m^±) 0. 



(5) 



This fixes the counterterm for W'^ H'^ mixing shown in 
Fig.El 

raw sva. j3 cos (3 5c — lXeTjv/+H+{m\j±)^ (6) 

where 5c is a combination of counterterms (see, e.g., 
Ref. [23| for the definitions of the counterterms): 



5c = 5Zhi — 5Zh2 — 5vi/vi + 5v2/v2- 



(7) 



The renormalized G^H^ mixing two-point function, 
I]q+h+ (fc^), is fixed in terms of the renormalized W^H'^ 
mixing two-point function Sw+ rf+(k'^) by the Slavnov- 
Taylor identity (see, e.g., Refs. |23,|2J| for details): 



k'^t.w+H+{k'^) — mw^G+H+{k^) = 0. 



(8) 



Thus Eq. (|SJ) also fixes the counterterm for G^H^ mixing 
shown in Fig. |31 

There is also a counterterm for the W'^^V^ 
vertex (all particles incoming), given by 
— igyTnw sm fi cos (3 5c g^^'^ and denoted by the X in 
the last diagram of Figs. 13 and ^ The coupling gy 
is defined in Appendix ^ Eq. ljA6|l . The counterterm 



for the Hermitian conjugate vertices, with W~^V^ H'^ 
incoming, is identical. This counterterm 5c is also fixed 
by the condition in Eq. 

Applying these renormalization conditions, we find 
that the sum of the diagrams in Figs. 13 and 0] reduces to 
a quite simple result for both the i-channel and s-channel 
processes. See Appendix lUl for a detailed derivation. For 
the t-channel process, the sum of the diagrams in Fig. |3| 
is: 



iMl 



, = ie^gw[-g^^w+H+{'nA±)g'"'] (9) 
, v{et)l^,PLv{vf)u{e-f )^,{g'y^PL+g'y''PB)u{e-) 



[kf 



"w 



[k. 



For the s-channel process, the sum of the diagrams in 
Fig. 131 is: 

iMl,,, - [-5ySiv+ff+(m^±).9^''] (10) 

u{e-f)l^.PLv{vs)v{c+)^,{g-y^PL + g^y"" PR)u{e^) 



[fcf 



s2 , 



m 



w 



Comparing these expressions to Eqs. (jSJ and iQ, the sum 
of the counterterm and wavefunction renormalization di- 
agrams can be written as a contribution to the form fac- 
tor Gy, for both the s- and i-channel processes: 



Gtot 



G 



■loop 



(11) 



The explicit expression for 'Eiy+ff+{k'^) is given in Ap- 
pendix 

One possible concern is that including the fixed W 
decay width in the W propagators for the s-channel dia- 
grams might spoil the gauge invariance of the calculation. 
In our calculation, we use the "factorization scheme" , 
which is guaranteed to be gau ge independent. Follow- 
ing, e.g., the discussion in Ref. |25| . the one-loop matrix 
element in the factorization scheme is given by^ 



M = 



kl 



s2 



kf 



(12) 



which is exactly the relation that we used to obtain 
Eqs. and . 



C. Polarized cross sections 

To compute the polarized cross sections, we first define 
the following combinations of form- factors: 



{G,H,F)*£'j^ 



e^gwgt''iG,H,F), 



m 



w 



(13) 



^ For processes that are nonzero at tree level, care must be taken 
to avoid double-counting the W width. This is not a concern 
here since the tree level matrix element is zero. 
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FIG. 6: Cross section for e H^e u as a. function of 
tan/3 for = 500 GeV and m„± = 250 GeV. We show the 
total cross section (solid line) , s-channel contribution (dashed 
line) and t-channel contribution (dotted line). 



The square of the matrix element is then given as fol- 
lows. Because the W^-boson couples only to left-handed 
fermions, the ^-channel diagrams contribute only to 



Similarly, because of the vector coupling 



of y = 7, ^, the s-channel diagrams contribute only 
to A^(e^e£) and A^(eje^). Thus, only the square of 
■^(^fl^Z) ^^^^ involve interference between the s- and t- 
channel diagrams, and M[e^e~^) is zero. In particular, 
we have: 



|M(e+e-)p = ifi 



|M(e+e«)P 



l-^(eJeZ)l' = 0, 



(14) 



where iiT^ „, Kl^j^^ 



and K^^ are given in Appendix IbI in 
terms of the form- factors in Eq. (|13|l . 
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and tan /3 = 2.5, to show different behavior of s-channel and 
t-channel contributions. 



III. NUMERICAL RESULTS 

In this section, we present our numerical results for 
the cross section of e+e" H^e~v. We have used the 
LoopTools package to compute the one-loop inte- 
grals. The electron and positron beams are assumed to 
be unpolarized unless specified explicitly. Also, we plot 
the cross section for e+e^ H~^e~D only. The cross 
section for the charge-conjugate process is the same (for 
unpolarized beams); adding them together doubles the 
cross sections shown. 

We first show the tan (3 dependence of the cross section 
for fixed mH± = in Figs.EK^i = 500 GeV) andd 

(^ = 1000 GeV). The cross section falls like (tan/?)-^ 
due to the factor of j/^jj, oc cot (3 in the matrix elements. 
At very large tan /3 values the cross section begins to turn 
upward again due to terms proportional to y^ti, oc tan f3 
in the matrix elements. This effect is barely visible at 
tan /? = 40 in Fig.El At a 500 GeV LC, the cross section 
for a charged Higgs boson with 250 GeV mass is larger 



than 0.01 fb (corresponding to 10 events for integrated 
luminosity C = 500 fb~^ when both iJ+ and are 
taken into account) only for small tan/3 < 1.7. 

From Figs. El and [3 we can also see that at y/s — 500 
GeV, the s-channel contribution dominates the total 
cross section, while at -/s = 1000 GeV, the s- and t- 
channel contributions become comparable. This center- 
of-mass energy dependence of the cross section can be 
seen in Fig. [SJ which shows the s-channel (dashed line) 
and t-channel (dotted line) contributions versus center- 
of-mass energy for mH± = \/s/2 and tan/3 — 2.5. The 
t-channel contribution dominates when -^s > 1050 GeV. 
This crossover happens at a higher center-of-mass energy 
than in the case of the similar process e^e^ — > vvA^^ for 
which the t-channcl dominates when ^/s > 670 GeV [27j . 
In general, the t-channel contribution becomes more im- 
portant than the s-channel contribution at larger -^s val- 
ues because of the propagator suppression ~ 1/s of the 
s-channel contribution. In the process e^e~ — > vvA^, 
there is an additional enhancement of the t-channel con- 
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FIG. 10: As in Fig.^lbut with an 80% left-polarized e~ beam. 
The t-channel contribution is now different for the H^e^v 
and H~ e^v final states, as indicated by the green (gray) and 
black lines, respectively. Notice that there are two solid lines 
for total cross section, corresponding to e~i> and H~ e^v 
respectively. 



tribution from the fact that the W^e~v coupling in the 
t-channel process is larger than the Ze^e'~ and ZvD cou- 
plings in the s-channel process. This makes the t-channel 
contribution start to dominate at a smaller ^/s value in 
e+e^ — > vvA^ than in e+e^ — > H^e~9, where such addi- 
tional enhancement from the relevant couplings does not 
occur. 

We also show the charged Higgs mass dependence 
of the cross section for an unpolarized electron beam 
(Fig. I^l and an 80% left-polarized electron beam 
(Fig. Il()|l . With a polarized electron beam (and un- 
polarized positron beam), the t-channel contribution to 
the e+e^ H^erv cross section is different from that 
to the e+e^ H^e^v cross section. This is because 
for e+e~ H^e^D, the t-channel W boson couples to 
the positron beam, while for e'^e~ — s- H~e'^i> it cou- 
ples to the electron beam. Left-polarizing the electron 
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FIG. 11: Cross section in the mu± — tan/3 plane for unpo- 
larized beams with = 500 GeV. The vertical dotted line 
indicates the pair production threshold, mff± — \/s/2 = 250 
GeV. 



beam thus has a much more sizable effect on the t-channel 
e+e^ — !■ H^e^v cross section, enhancing it significantly. 
Left-polarizing the electron beam causes a slight sup- 
pression of the t-channel e~^e~ — > H'^e~i> cross section, 
due to the relative size of the sum of the photon and Z 
exchange diagrams for left- and right-handed electrons. 
The s-channel contribution is identical for the two final 
states; it is enhanced by about 50% with an 80% left- 
polarized e~ beam, which is consistent with the results 
for the process e+e^ H^W~ p^ . 

We summarize the results of Figs. Eland El in Fig. 1111 
where we show contours of cross section for e"'"e^ — > 
e^v in the mfj± ~ tan /3 plane. A cross section above 
0.1 fb corresponds to 100 charged Higgs events (com- 
bining and in an integrated luminosity of 500 
fb^^. This occurs mainly only for m^± < \/s/2, and 
thus would not aid in the charged Higgs discovery. It 
could, however, be useful for measuring tan/3 at low tan/3 
values, due to the strong (tan/3)~^ dependence of the 
cross section. The e+e~ H^e~v events could be sepa- 
rated from e+e^ H^H^ events by using the fact that 
H" — > e~P is suppressed by the tiny electron Yukawa 
coupling. A cross section above 0.01 fb corresponds to 
10 charged Higgs events (again combining 7J+ and H^) 
in 500 fb~^, and is probably the limit of relevance of 
this process. It offers some reach for m^fi > y/s/'2 
for low tan/3 values below 1.7. The statistics could be 
roughly doubled by including the H~^fi~P and H~v^'^ 
final states, which receive only s-channel contributions 
and have the same s-channel cross section as the process 
with an electron or positron in the final state. 

Since the s-channel contribution dominates the total 
cross section for < 1000 GeV, we show the compari- 
son of the cross section for e^e~ H^e~P with that of 
the resonant process e"''e" H^W^ (with W" e^P) 
in Fig. El In the e~^e~ H^W~ cross section calcu- 
lation we include only the top and bottom quark loops 
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FIG. 12: Comparison of the cross section for e^e~ —> H^e~v 
with the resonant process e^e~ — > H^W~ , with W~ — > e~v. 
Here we plot the cross section on a linear scale so that the 
difference between the full s-channel contribution and the res- 
onant sub-diagrams will be visible. 



B. Type I vs. Type II 2HDM 

In our numerical results we have assumed that the 
Higgs sector is the Type II 2IIDM, in which one Higgs 
doublet gives mass to the up-type quarks and the other 
Higgs doublet gives mass to the down-type quarks and 
the charged leptons. In the Type I 2IIDM, one Higgs 
doublet gives mass to all fermions. In this case, all our 
results remain the same except that yfj^^, in Eq. (jA7|) is 
modified to 



^ TO;, cot (3 

Vmb 

mwsw 



(Type I). 



(15) 



The effect of this is that the curves in Fig. do not start 
to flatten out at high tan/3. The results at low tan/3 
are unchanged. Thus, to a very good approximation, our 
results are valid also for the Type I 2HDM, except at 
large tan /3. 



and we use the tree-level result for the branching ratio 
of W~ — > e~P in order to make a consistent compari- 
son. The resonant contribution is about 80% of the full 
s-channel cross section. 



IV. MODEL DEPENDENCE 



Here we discuss the model dependence of our results, 
and show how they can be extended beyond our current 
calculations. 



A. Higgs potential 

Since we have included only the top and bottom quark 
loops in our calculation, our results are valid regardless 
of the form of the Higgs potential for the 2HDM. Once 
the contributions of gauge and Higgs boson loops are 
included, however, the cross section will depend on the 
form of the Higgs potential through the Higgs boson self- 
couplings. As shown in Ref. the effect of the gauge 
and Higgs boson loops on the e+e" H^W~ cross 
section is negligible unless the Higgs boson self couplings 
are very large; even then, the gauge and Higgs boson 
loops only become important for tan /3 > 4, where the 
cross section has already fallen off by more than an order 
of magnitude compared to tan/3 = 1. Thus, even if the 
Higgs boson self-couplings are large, we do not expect 
the gauge and Higgs boson loops to be important when 
the cross section is large enough to be observed. 



C. Higgs sector extensions beyond the 2HDM 

We may also consider the effects of extending the Higgs 
sector beyond the 2HDM. Adding neutral Higgs singlets 
can only affect the gauge and Higgs boson loops, which 
we have argued are unlikely to be experimentally rele- 
vant. Adding charged Higgs bosons via additional dou- 
blets or charged singlets leads to a Higgs sector with 
more than one charged Higgs boson, the lightest of which 
will in general be a mixture of the various gauge eigen- 
states. To avoid Higgs-mediated flavor changing neutral 
currents, fermions of each charge should couple to no 
more than one Higgs doublet |,28j . Thus the mixing will 
in general lead to a suppression of the lightest H"^ cou- 
plings to top and bottom quarks; the effect will be the 
same as increasing tan (3 in the Type I model. 

Adding larger Higgs multiplets leads to more interest- 
ing effects. For example, adding a Higgs triplet with 
a nonzero vacuum expectation value leads to a nonzero 
W^ZH~ couphng at tree level. This tree-level W^ZH^ 
coupling is proportional to the triplet vacuum expecta- 
tion value v^:^ 



gw+ZH- 



Cw 



complex triplet 
real triplet. 

(16) 

The triplet vacuum expectation value is forced to be 
small by the experimental constraints on weak isospin 
violation: 



5p 



-2vl/v 



SM 



SM 



complex triplet 
real triplet. 



(17) 



^ The vacuum expectation value is normalized according to {</>*'} 
for a complex triplet and {<j>^) = V3 for a real triplet. 
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The current constraint on contributions to the p param- 
eter from new physics is —0.0016 < Ap < 0.0058 at the 
2(7 level [2^. This leads to an upper bound on the tree- 
level cross section for e+e^ H^e~v of 0.0035 fb for 
a real triplet, or 0.0026 fb for a complex triplet, with 
mH+ — 250 GeV at = 500 GeV and assuming un- 
polarized beams. This corresponds to 3.5 events (count- 
ing and final states) in 500 fb~^ of integrated 
luminosity for a real triplet, and 2.6 events for a com- 
plex triplet, both of which are too small to be observ- 
able. From Fig. El these cross sections become compa- 
rable to the loop-induced cross section in the 2HDM at 
tan/3 ~ 3 — 3.5. 



D. MSSM 

In the MSSM, this process will get contributions from 
SUSY loops, just as e+e~ H^W~ does. In the latter 
case, the SUSY loops could increase the cross section by 
50-100% at low tan/3 if the SUSY particles are relatively 



light 20] . Since the resonant 



H^W subprocess 



dominates the cross section at -Js < 1000 GeV, we expect 
this enhancement to carry over. In the MSSM, however, 
tan/3 is limited to be above 2.4 which already leads 
to a somewhat smaller cross section. 

A different source of SUSY corrections to the e+e^ — > 
H^e^v cross section is the SUSY radiative correction 
to the bottom quark Yukawa coupling, parameterized by 
Ab [33 ■ This correction arises from a coupling of the 
second Higgs doublet $2 to the bottom quark induced at 
one-loop by SUSY-breaking terms: 



C 



Yukawa 



(A/ib)$°56. 



(18) 



While A/if, is one- loop suppressed compared to hb, for 
sufficiently large tan/3 = V2/V1 the contribution of both 
terms in Eq. (|18|) to the h quark mass can be comparable 
in size. This leads to a large modification of the tree-level 
relation for the bottom quark mass. 



hbVi 



(19) 



where A?, = {Ahb)ta,n (i /hb. The correction Af, comes 
from two main sources: (1) a bottom squark-gluino loop, 
which depends on the masses mg^ ^ of the two bottom 
squarks and the gluino mass m^; and (2) a top squark- 
Higgsino loop, which depends on the masses m^^ ^ of the 
two top squarks and the Higgsino mass parameter /x. 
Neglecting contributions proportional to the electroweak 
gauge couplings, we have explicitly f30l |: 



2as 
37r 



rrigp tan (3 I{m^^^ , m^^ , nig) 



+ ^^tMtan/3 /(TOt^,TOt2,^). (20) 

Here At is the trilinear coupling in the top squark sec- 
tor, as = gl/A-K, and Yt = hf/An. The loop function / 
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FIG. 13: Cross section for e+e H^e as a function of 
tan/3 for = 500 GeV and ■m„± = 250 GeV. The MSSM 
parameters are specified in the text. In the region near At = 
— 1, we cut off the divergence by requiring elj/U^^I < A-k. The 
dotted line shows the total cross section for Aj, = 0. 



is positive definite. Since the Higgs coupling A/i^ is a 
manifestation of SUSY breaking, it does not decouple in 
the limit of large SUSY breaking mass parameters. In 
fact, if all SUSY breaking mass parameters and p, are 
scaled by a common factor, A;, remains constant. These 
corrections modify y^tb ^-"^ l|A7|l : 



jj. rub cot /3 

VHtb = 

"mwsw 



1 



%/2; 



1 



(MSSM). (21) 



To explore the impact of these effects, we plot the cross 
section for e+e" — > H^e~v in Fig. ^| with the specific 
choices of mH+ = 250 GeV, ^fs = 500 GeV, p ^ ~2 
TeV, mr — 525 GeV, rria = mr = mr =1 TeV, and 

At — Ab ~ /i/ tan/3-|--\/6'7ij^ (corresponding to maximal- 
mixing in the top squark sector), and compare to the 
result that would be obtained without including A;,. For 
these input parameters. A;, varies between — tan/3/26 
and — tan/3/22 for tan/3 between 1 and 50. For A^ ~ 
— 1 the resulting yfitb becomes quite large, making our 
perturbative results unreliable. To control such effects we 
cut off the divergence in this region by requiring e|i;||j^| < 
47r. The dip in the cross section at tan/5 ~ 20 is due 
to destructive interference between various terms, which 
changes to constructive interference for tan /3 > 22 where 
Af, < — 1 and y^tb the opposite sign than in the 
SM case. While the modification of the cross section due 
to Aft can be quite significant, it occurs at large tan/3 
where the cross section is already very small, and thus is 
unlikely to be observable for perturbative values of y^tb- 



V. CONCLUSIONS 

We have computed the cross section for e+e^ 
H^e^v, from one-loop diagrams involving top and bot- 
tom quarks in the Type II two-Higgs-doublet model. This 
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process is interesting because it offers an opportunity to 
produce the charged Higgs boson in e+e" colhsions for 
charged Higgs masses above half of the collider center- 
of-mass energy. Because this process first appears at the 
one-loop level, however, its cross section is very small. 
At low values of tan/? ~ 1 — 2 the cross section can 
reach the 0.01 fb level at = 500 GeV and m^± = 250 
GeV, leading to 10 events in 500 fb~^ when the cross sec- 
tions for and H~ production are combined. Using an 
80% left-polarized e~ beam increases the cross section by 
about 50%. The cross section falls with increasing tan/? 
like (tan/3)-2. 

The process e+e^ — > H^e^v receives contributions 
from s-channel and i-channel diagrams, which behave 
differently with increasing center-of-mass energy. The s- 
channel contribution dominates at low ^/s < 1 TeV, while 
the t-channel contribution dominates at higher energies. 
The s-channel contribution is in turn dominated (at the 
80% level) by the resonant sub-process, e^e~ — > H^W^ , 
with — > e^D. Because of this, in the context of the 
MSSM we expect the effects of light superpartners calcu- 
lated for the e+e" H^W^ cross section to carry over 
to the process e^e~ — > H~^e~9. Light superpartners can 
lead to an increase in the e+e~ H~^W~ cross section 
by 50-100% at low tan/3. 

The final state containing e~D is experimentally at- 
tractive because it is easy to tag compared to hadronic 
W decays. To increase the statistics, one could also in- 
clude the e'^e~ — > H'^^~D channel, which comes only 
from the s-channel diagrams. This would roughly double 
the cross section at y^s = 500 GeV, where the i-channel 
process does not contribute significantly. The processes 
e^e~ H^qq' for the first two generations of quarks 
could also be included (analogous to including hadronic 
W decays); it would then contribute another six times 
the s-channel cross section of the electron mode. For the 



third generation, e"* 



and 



H+th, 



however, the tree level contributions dominate due to the 
relatively large Yukawa couplings. Such channels have al- 
ready been studied in [l^ . 

For m[j± < \/s/2, where the charged Higgs boson can 
be pair produced, the process e+e^ — s- H~^e~P could still 
be useful to measure tan/3 due to the strong (tan/3)^^ 
dependence of the cross section. This process should be 
separable from the pair production process since the H~ 
decay to e~P is suppressed by the tiny electron Yukawa 
coupling. 
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APPENDIX A: NOTATION AND CONVENTIONS 

For the one-loop integrals we follow the notation of 
Ref. [2^. The one-point integral is: 



167r' 



-y4(m^ 



d^q 



1 



{2tt)D (g2_^2)' 



(Al) 



where D is the number of dimensions. The two-point 
integrals are: 



IGtt' 



{Bo,fc'^Bl}(fc^m^,m^) 



(A2) 



i2n)D {q^~ml)iiq + ky-ml)' 
The three-point integrals are: 
i 



167r2 

d^q 



(A3) 



where the tensor integrals are decomposed in terms of 
scalar components as 

+{k>(kl^ + ki^kl)Ci2- (A4) 

The arguments of the scalar three-point integrals are 
{kl,{k2 - kif ,kl,ml,ml,rnl). 

For couplings and Feynman rules we follow the con- 
ventions of Ref. . The photon and Z boson coupling 
coefficients to fermions are: 



5f =5,^« = -e,. 



(A5) 



= (-73 + e/s^)/svKCw, gi^ = {efsiY)/swcw, 

where the electric charges are Ci, — 0, Ce = —1, e„ = 2/3, 
and Cd ~ ~l/3 and where T3 ~ 1/2 for i/, u and T3 = 
-1/2 for e, d. 

For the W and Z boson and photon couplings to 
fermions and the Goldstone boson we define: 



9w 



= -l/\/2siy, = -e, gz^-ecw/sw, 



(A6) 



Finally, the coupling coefficients to top and bottom 
quarks are: 



^ m,t cot /3 



y/2mwsw ' 



yU - (A7) 



^/2■mw 



sw 
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APPENDIX B: MATRIX ELEMENTS 



1. Top and bottom quark contributions 



with the arguments of the two-point integrals given by 



mi). 



The W~^H^ mixing diagram (Fig, 
Refs. [Hill El: 



El 



was given m 



^W+H+ 



NcQ. 

2tt 



9w [i'mtyHtb + ™fcyilth)5i 



The top and bottom quark contributions to the effec- 
tive W^VvH~ couphng are shown in Fig. ^ The corre- 
sponding form-factors Gy, Hy and Fy can be read off 
from the s-channel matrix element for e^e~ W~^H~ 
given m Refs. dllllll using the following relation: 



iM = ^ {Gvigtr^'Ai + #^2] - Hv[9'v''iM + A) + gtPiAi + Ae)] + Fvigf Ar + g^f^As]} , (B2) 

where the Ai are matrix elements defined in Refs. [TsllTsll. The loop involving t, 6, b gives: 

Gv = [-{mtg^'-ymb + ^b{gf ' g'v'')yU)Bo + igt/^imtyU + ^byU)Coo 

zvr 

H-gv'^i-mtymb + mby^tb)kl + {mtg^/^yhtb ~ rnbgt.%^J{-kl - h ■ k2))Ci 

Hdv'imtyjit^ + mby§tt,)i-kl - fci • fca) - {mtgi^ y'j^^^ - mbg'i.%§th)mH±)C2 

+ {-m^gtr''yjitf, - m?mb(gf - .g^yf tfc + m^rngg^^y;^,, + TOt.9f yi^tfc(~fc? - ki ■ k2))Co] 

Hv = _£^^^ [-2gf (mtyi^,fc + mby'^^^,){C^2 + C22) - gv{imty^,^, + mby^,^,)C2 - {mtg^'^y^.b - mbg^«y|J,f,)Ci 

-T^tgv'-ymbCf)] 

Fv = ^^^^ [mt#2;|^,,Co + {mtgtr''yU + m^gf + gf (m^yl^,, + mbyU)C2] (B3) 

I 



with the arguments for the integral functions as 
B{kj,ml,ml), C{kl,k^,mjj±,mi,ml,ml). The contri- 
butions of the loop involving t, t, b are given by the sub- 
stitutions: 

dL uL dR uR L R 

nit '-^ nib, gv ^ 9v ^ gv ^ gv ^ ymb^ymbl 
and Fv gets an overall minus sign. 

2. Square of the matrix element 

The square of the matrix element is given as fol- 
lows in terms of the form-factors (G, FYlr defined 



in Eq. (HSJ). 

We define the following kinematic variables: 

s — 2e^ • e^, s ~ 2eJ ■ ti = —2e^ ■ ej , 

t2 = — 2e^ ■ D, ui = —2e^ ■ D, U2 — ~2e^ ■ eJ , 

e{e-,e+,ej,i?) =e^^''P^e-)^eUeJ)pi>.. (B4) 

For the antisymmetric tensor we use the convention 

^0123 ^ ^1 

The squares of the matrix elements K^^ Kf^ ^, and 
if** are given as follows. 



Kj^ is given by: 

Ki - MGi\'u,U2 

+ \Hlf{sS - tit2 + U1M2 + SUi + SU2){SS - tit2 + ^1^2 + SU2 + SUi) 

+ - tftj - ujul + 2sstit2 + 2sSUiU2 + tit2u\ + tit2ul) 

-\- 2Re(G^i/|^*)(w^U2 + Uiu\ + SSUi + SSU2 + 2sUiU2 + 2sUiU2 — tit2Ui — tit2U2) 

+ 8Iin{GiHl*)e{e-,e+,eJ,i?){ui-U2) 

+ 2Re(G^F^*)(wJw2 — WlUj — SSUi + SSU2 + tit2Ui — tit2U2) 
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- 8Im(G*^Fl*)e(e-, e+, ej, + u^) 

- Iie{Hl^Fl*){ui — U2)(s^s + ss^ — ^1^2 — U1M2 + ssui + ssu2 

— Stit2 — Stit2 — SU1U2 — SU1U2 + tit2Ui + tit2U2) 

- 4Im(iy[F2*)e(e,^,e+,eJ, j>)(2ss - 2ti<2 + uj + ul + sui + sui + SU2 + su2). (B5) 

Kj^ can be obtained from Eq. (|B5|) by the substitutions ui <-> s and U2 ^ s, with an additional minus sign for the 
G*F** and terms: 

+ \Hl^f{sS — txt2 + U1U2 + SUi + SU2){SS — txt2 + M1U2 + 51*2 + SUi) 
+ - ^1*2 - u\ul + S^tit2 + S^tit2 + 2SSU1U2 + 2tit2UiU2) 

+ 2Re(G^-ff)j*)(s^s + ss^ + 2ssui + 2s'su2 — stit2 — siit2 + suiii2 + SU1U2) 
+ 8Im(G*jff*j*)e(er,e+,e7,P)(s-s) 

- 2Re(G^F^*)(s^s — ss^ — suiU2 + suiU2 + stit2 - stit2) 
+ 8Im(G*,^^A*)e(e-, e+, ej, + s) 

+ Iie(H*jfF^)(s — s)( — S^S — SS^ + Wjli2 + Mi'U2 — SSUi — SSU2 
+Stit2 + Stit2 4- SU1U2 + SU1U2 — tit2Ui — tit2U2) 

+ 4Im(iJ)jF^*)e(er, e+, ej, v){s^ + - 2tit2 + 2uiU2 + sui + sui + su2 + SU2). (B6) 

A'£ can be obtained from Eq. (|B5p by the substitutions ii <-> s and t2 <-> s, with an additional minus sign for the 
Im(G"ff"*), Im(G^i^"*) and Im(F^ff^*) terms: 

Ki = A\Gl\^u,U2 

+ \Hi\'^{-SS + tit2 + U1W2 + ^1^1 + t2U2){-SS + tit2 + U1U2 + ^1^2 + i2Ml) 

+ \Fi\'^{-S^S^ - t\tl - u\ul + 2sstit2 + SSU\ + SSul + 2tit2UiU2) 

+ 2Re(G£7f£*)(u^U2 + Uiu\ — SSUi — SSU2 + tit2Ui + tit2U2 + 2tiUiU2 + 2t2'«iU2) 

- 8lm{GlHl*)e{e-,e+,e-,D){u,-U2) 

+ 2Re(G£F£*)(w^M2 — Uiu\ + SSUi — SSU2 — tit2Ul + tlt2U2) 

+ 8Im(Gi^^r)e(er, e+, ej, + U2) 

— Re(i?£-F£*)(ui — U2)(^i^2 + ^1^2 ^ ^1^2 ^ '"i'"2 ~ ■^^^i ~ ''^^2 + ssui + ssu2 

+tit2Ui + <i<2"2 - tiUlU2 - t2UiU2) 

+ 4Im(iJ£F£*)e(e,", e+, ej, P)(-2ss + 2tit2 + + 1*2 + ^i^^i + ^2^1 + tiM2 + t2U2). (B7) 

can be obtained from Eq. (|B5p by the substitutions ui ^ ti and U2 ^2, with an additional minus sign for 
the Im(G'*iJ'**), Re(G"i^"*), and ReiH'F"*) terms: 

- MG%\h,t2 

+ SS + tit2 + U1U2 + ilMl + t2U2){ — SS + tit2 + U1M2 + ^1^2 + ^2Ul) 

+ \Pr\^{-S^S^ - ifil - ""1^2 + SStj + SStl + 2sSUiU2 + 2tit2UiU2) 

+ 2Re(G]ji?|.*)(<^i2 + ilt2 - S^^l " SSt2 + 2tit2Ui + 2tit2U2 + tiUiU2 + t2UiU2) 

- 8Im(G?ii?^*)e(e-, e+, ej, - ^2) 

- 2Re(G5jF^*)(t?t2 - ^1^2 + SSh - SSt2 - tiUiU2 + t2UiU2) 

- 8lm{Gj,F^*)<er,e+,eJ,D){h+t2) 

+ Ke{HfjF^*){ti — t2){~tit2 — tit\ + u\u2 + Uiu\ — SSUi — SSU2 + SSti + 55^2 
~tit2Ui — tit2U2 + tiUiU2 + t2UiU2) 

- 4Im{H^j^F^*)e{e:r^e+,eJ,D){tl+tl - 2ss + 2uiU2 + hui + <2Mi + tiU2 + t2'"2). (B8) 
The interference term ii'** between the s- and i-channel diagrams is given by: 

K"' = -8Re{GlGi*)uiU2 
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- 2Re(G^-ff£*)(M^U2 + uiu^ — ssui — ssu2 + ^1^2"! + tit2U2 + 2tiUiU2 + 2^21*1^2) 
+ 8Im(G^ffr)e(er, e+, ej, - U2) 

- 2Ke{G\F[*){UiU2 — UxU^ + SSU\ — SSU2 ~ tit2Ui + tit2U2) 

- 8Im(GlFr)e(e-,e+,e7,P)(wi +U2) 

- 2Re(7j|^G^*)(u^M2 + U1U2 + SSUi + SSU2 + 2sUiU2 + 2sUiU2 — tit2Ui — tit2U2) 

+ 8ImiHlGl*)e{er,e+, eJ,D){ui - U2) 

- Re(if^iJ£*)(-2s^s^ - 2tltl + u\u2 + uiu\ - s^sui - s^su2 - ss^ui - ss^U2 

+4sstit2 + SStiUi + SStiU2 + SSt2Ui + SSt2'"2 ^ SSu\ — SSu"^ + 2sSUxU2 
+stit2Ui + sti<2U2 + stl<2Ul + stit2U2 + 2stiUiU2 + 2st2UiU2 + 2stiMiM2 + 2st2UiU2 
+Su\u2 + SU1W2 + Su\u2 + SU1W2 — t\t2Ui — t\t2U2 — tit\ux — txt\u2 — tit2u\ — tit2u\ 
+ 2tlt2UxU2 + tiu\u2 + tiUiu\ + t2u\u2 + t2MlW2) 

+ 4Im(i7^iJ£*)e(e7, e"*", , v){u\ — u\ + sui — su2 + sui — su2 + tmx — txU2 + ^2^1 — ^2^2) 
+ Re{HlF[*){-s'^ sui + s^su2 - ss^ux + ss^U2 - 2ssu\ + 2ssu2 

+stxt2Ux — stit2U2 + stxt2Ui — stxt2U2 — Su\u2 + SU1M2 — Su\u2 + SU1W2) 

- 4Ini(iJ|^i^£*)e(eT~, e+, ej, P)(2ss - 2iit2 + 2miM2 + sux + SU2 + sui + SU2) 

- 2Ke{FlG''j^){UxU2 — Uiltj — SSUx + SSU2 + txt2Ux — tit2U2) 

- 8lm{FlGl*)eie-,e+,eJ,i?){ux+U2) 

+ Re(i^^iJ£*)(sstiMi — SStxU2 + SSt2Ux — SSt2U2 — t\t2Ux + t\t2U2 — tit\ux + txt\u2 
— 2tit2Ux + 2txt2U2 — tiUxU2 + tiUxU2 — t2UxU2 + t2UiU2) 

- Alm{FlHl*)e{e:[,e+,eJ,iy){'-2ss + 2tit2+2uiU2 + tiUi+tiU2+t2Ui + t2U2) 

- Re(F^J^£*)(2s^S^ + 2tltl + u\u2 + Uxu\ - Asstxt2 ~ 2sSUiU2 - SSu\ - SSu\ - 2tit2UxU2 - txt2u\ - txt2u\) 

~ Aluv(FlFr)e{e-,e+,e-f,y){ul-vl). (B9) 

Notice that under the substitution s ^ ti, s ^ t2, the terms involving G'^Gf^ , Fj^Fl* and H\^Hf^ are invariant, while 
the terms involving G*]^Hl*, G\^Fl* and H^Fl* are exchanged with the terms involving H^Gf^, F^G^^ and FlHl*. 



APPENDIX C: DERIVATION OF THE W+H+ AND G+H+ MIXING CONTRIBUTION 

W~^H^ and G^H~^ mixing contributes through diagrams in which the W^H~^ or G^H~^ mixing is attached to the 
internal gauge boson or the external fermion legs. Diagrams with G^H^ mixing attached to the external fermion 
legs can be neglected since they are proportional to the electron or neutrino mass. The real part of the W^H~^ and 
G^H^ mixing does not contribute because of the renormalization condition, Eq. jSJ, and the Slavnov- Taylor identity, 
Eq. 0. The calculation of the imaginary part, which is a sum of all the diagrams involving and G+iJ"*" 

mixing, can be simplified as follows. 

In unitary gauge, the G^ mixing does not contribute because G~^ is not a physical degree of freedom. Focusing 
on the W boson propagator and the attached mixing, the total W^H~^ mixing contribution can be written 

as: 

-i ( _ (fcl+fc2)^(fcl+fc2) 

(fci + - V "f^w 

(CI) 

Here the (fci + fe);^ factor on the left-hand side comes from the fact that the mixing is given by 

—ikfj_I]y^/+H+ik^), where k = kx + k2 and k^ = for on-shell H^. On the right-hand side, the term inside 

the square brackets is exactly the same as the total W'^ mixing contribution in Feynman gauge. Therefore, we 
have 

^(W'+i?+COntribution)unitary gauge = ( 1 - — ) ^(VF+i?+COntribution)Foynman gauge- (C2) 



(fci + k2)^ 



(fci + fc2)2 



(fci 
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However, due to gauge invariance we can write, 

^(W^+i?+COntribution)u„itary gauge = y^(W^+g+COntribution)Fcynman gauge + (G'+i?+COntribution)Fcynman gauge- 

(C3) 

Therefore, 



^(M^+i/+COntribution)Feynman gauge = (G'+i/+ Contribution) Pcynman gauge- (C4) 



The total contribution can now be written in terms of the contribution from mixing, which is easy to 

calculate as there is only one diagram that contributes: 

/ TTl^ \ 

total =1 ^ (G+iy+COntribution)Fcynman gauge- (C5) 

The G+i7+ mixing attached to the internal gauge boson line always has the same structure as the effective W^^V^ H~ 
vertex (for both s- and t- channel), and gives rise to an effective contribution to the form- factor Gy'- 

iGf = fl - (^g^^c)^ -itG+H+{<^), (C6) 

where gvwG — ^wgy ^g+h+(™h±) ~ iIniSG'+ff+ (™ff± )■ Using the relation that ImI]c+^+ (m^±) = 
{Tnjj±/mw)i'cnYiw+H+{'iTT''H±) from Eq. |(SJ), we obtain 

Gf = -g^ilm.J:w+H^ {m],±). (C7) 

Combining this together with the contribution from the vertex counterterm, which can be expressed as 
—gyRe'Ew+H+{m^±), we obtain the result for Gy* given in Eq. (fTT|l : 
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